The high fields permitted by superconducting windings result in saturation of closely-coupled iron in dipole and quadrupole beam transport magnets. Couplandl suggested using a triangular cutout at the poles to reduce the change in the sextupole (b2) term due to saturation. The use of an elliptical aperture in a close-coupled dipole for the Relativistic Heavy Ion Collider (RHIC) has been studied using the BNL computer program MDP (a version of GFUN). The (b2), decapole (b4) etc. in dipoles. When the midplane approaches saturation, the reverse occurs, and by judicious choice of iron thickness, the b2 term can be set equal to zero at the peak operating field. There remains a maximum in b2 below the peak field which must be compensated for by correction windings or by separate sextupole magnets in particle beam transport systems. However, schemes which rely on limited iron thickness to control saturation are tricky to implement because the permeability near saturation varies strongly with impurity content and with packing factor. Also frequently there are cutouts in the iron interior or periphery, the effects of which are sensitive to permeability and packing factor.
The high fields permitted by superconducting windings result in saturation of closely-coupled iron in dipole and quadrupole beam transport magnets. Couplandl suggested using a triangular cutout at the poles to reduce the change in the sextupole (b2) term due to saturation. The use of an elliptical aperture in a close-coupled dipole for the Relativistic Heavy Ion Collider (RHIC) has been studied using the BNL computer program MDP (a version of GFUN). The ellipse aspect ratio was varied while holding the horizontal (minor) radius constant. The proper aspect ratio gives no shift in b2 due to saturation, and a reduction in the b4 shift. A modification of the ellipse also reduces b4. The elliptical aperture introduces a large b2 term at low field which must be compensated for by the coil design. A practical coil design which does this for the RHIC magnet is presented.
Introduc t ion
An ideal cosine theta coil produces a perfect dipole field with or without a concentric circular iron shield having infinite permeability, and this is almost true of cosine theta approximations with a high but finite permeability iron shield of sufficient thickness. When Fig. 1 The next step is to design a coil which has low harmonics in the elliptical aperture selected for minimum harmonic shift. It was noticed in the earlier work4 that such a coil, which has more turns near the poles, increases the b2 saturation shift.
In the present case, therefore, the ellipse with ba = 6 mm was initially selected for design of a matching coil, since it overcompensates for Ab2. At present, the coil design program (which makes use of the MINUIT optimization routine) can be used only with circular iron apertures. Hence the new coil configuration, termed "E" with b2 = -127.9, b4 = -1.51 and b6 = 0.43 with a circular aperture, is the closest, integer-turn configuration found to offset the harmonics for low field at b-a = 6 mm given in Table 1 . The configuration has four blocks of 15, 10, 7 and 4 turns with 3 wedges separating the blocks. The harmonic content of the "E" coil in the b-a = 6 mm elliptical aperture is given in the first three lines of Table 2 , with A = 0 mm(q.v.). These data show that although the b2 shift with saturation is small, the b4 shift is large enough to require a correction winding, about -2.5 units, about the same as was obtained with the standard coil.
To control the b4 shift, a modification of the elliptical aperture was attempted. The values of A, +1 and -1 mm, superimposed on the y-x = 6 mm ellipse gave the harmonics in the last 6 lines of Table 2 , using the "E" coil. The data of Table 2 show that the b4 shift can be nulled at 4.1T with a value for A of -0.8 mm which also, however, introduces a b2 shift of -3.2 units.
The Final Configuration
The configuration used has b-a = 5.6 mm and A -0.9 mm. The "E" coil was run in this new iron configuration, termed "6N" and the harmonics at low field obtained with 6N/E were used to readjust the spacers in the "E" coil, while retaining the 15, 10, 7, 4 turns per block. The resulting coil configuration is termed "G" and has the structure given in Table 3 : Figure 2 shows one quadrant of the resulting coil and iron. Note the increasing gap between coil and iron as the pole is approached. The harmonics of the 6N/G combination are given in Table 4 . These data show that between 3.3 and 4.1T, b2 has a slight minimum, with a shift from the value at low field of -2.66 units. At 4.1T, the b2 shift is +0.64 unit; b4 is almost constant with field and b6 decreases -.87 unit from low field to 4.1T. Not shown in the table are higher harmonics; the largest is blo = 0.28, and none above b6 show any field dependence. One higher field value, 4.46T shows that midplane saturation is affecting the harmonics. At a central field of Bo = 4.1T, the mean flux density in the iron on the midplane is 2.20T, and at Bo = 4.46T, the mean iron flux density is 2.31T. The saturation flux density of this iron is about 2.13T. This means that optimization of the elliptical aperture for a field greater than 4.1T cannot be done without increasing the iron diameter.
At 5225 A, the peak field in the superconductor is 4.612T, and at 5800 A it is 5.030T. Using these values and a standard correlation for the superconductor planned for the SSC (which has cu/sc = 1.8), the quench current at 4.5K would be 6078 A with Bo = 4.63T.
The large variation of b2 and b4 with b-a and A offers a degree of freedom in design not possible with circular apertures. A perennial problem with coils of this sort is that the constraint of an in- With changes this small, the shifts due to saturation would be very small. Summary Reduction of harmonics due to iron saturation can be achieved by a circular aperture with a sufficient gap between coil and iron, but at the expense of increased amp-turn requirements for a given field. It has been shown that shifts in both b2 and b4 due to iron saturation can be greatly reduced by appropriately shaping the closely-coupled iron aperture in a moderate field dipole. The shape consists of a basic ellipse on which is superimposed a perturbation peaked at 54 degrees. In the magnet analyzed, the b2 shift at 4.1T is reduced from 53.8 to 0.6, with a negative shift of -2.7 at 3.8T. The b4 shift at 4.1T is reduced from -4.71 to -0.02. The b6 shift of -0.91 is almost unchanged at -0.87. Application to higher field magnets should be straightforward, although the technique may be limited by the lack of a practical coil with sufficient negative b2 to compensate for the positive b2 due to the elliptical aperture. Shaping of the iron aperture permits one to compensate for small amounts of harmonics introduced by the integer turn constraint. 
